Background {#Sec1}
==========

*Swertia* (Family: Gentianaceae) is a diverse genus with worldwide distribution at the north temperate areas of Asia, America, Europe and Africa \[[@CR1]\]. This genus has been cited as an effective herbal medicine in Indian traditional (Ayurvedic, Unani and Sidha) and British Pharmacopoeias. Presence of bio-active compounds, viz. amarogentin (the bitterest compound with the bitter index of 58,000,000), swertiamarin and mangiferin were found to be responsible for wide-range of therapeutic potential \[[@CR2]\]. *S. chirata* (Roxb. ex Fleming) H. Karst. is used as a principal component in several commercial herbal/polyherbal formulations. *S. paniculata* Wall. is generally used as a substitute of *S. chirata* in many herbal formulations \[[@CR3]\]. It has been reported long back that *S. paniculata* contained medicinally important bioactive compounds \[[@CR3]--[@CR6]\], which have been supported by the recent studies \[[@CR7], [@CR8]\]. Extracts from *S. paniculata* are used as a bitter tonic in the Indian System of Medicine and in the treatment of some mental disorders \[[@CR4]\]. Negi et al. \[[@CR5]\] reported the anti-diabetic activity of *S. paniculata* and found 51.0% decreased level of blood sugar in alloxan induced rats. Biological activities of *S. paniculata* are due to the presence of xanthone glycosides and bitter secoiridoids \[[@CR3]--[@CR8]\]. Ever-increasing industrial demand, overharvesting, low seed germination rate (2--3%), and other anthropogenic intrusions adversely disturbed the wild populations of various *Swertia* species. Several *Swertia* species are listed as critically endangered and thus the gap between the commercial demand and supply of *Swertia* herb is continuously growing. Once a particular plant is commercialized, subsequently that species become endangered soon due to extensive overharvesting. Government agencies like the World Health Organization (WHO) and European Medicines Agency (EMA) developed some principles already to moderate the threatened status of medicinal plants. Advancement in plant biotechnology holds great assurance for the conservation and production of improved variety of medicinally important rare and endangered flora and large-scale production of plant derived secondary metabolites. In a variety of medicinal plants, tissue culture technique has been successfully proven as a potential alternative strategy for the production of valuable bio-active compounds with clinical significance \[[@CR9]\]. In *Swertia* spp., very few reports are available on the in vitro strategies that are used to enhance growth and secondary metabolite production utilizing hairy/adventitious root cultures, rhizobacteria etc. \[[@CR10]--[@CR12]\]. Hitherto, there is no report on the effects of salicylic acid (SA) and chitosan (CS) on the production of secoiridoid and xanthone glycosides in *S. paniculata* shoot cultures.

Elicitors can induce biotic or abiotic stresses in plants that further enhance specific enzymatic reactions and induces subset of genes linked to the signaling pathways of desired secondary metabolites \[[@CR13]\]. Among abiotic and biotic elicitors, salicylic acid (SA) and o-hydroxybenzoic acid is an important endogenous signal molecule that is well known to develop systemic acquired resistance (SAR) and induced systemic resistance (ISR) in plants \[[@CR14]\]. SA signaling pathways facilitates the SAR that protects plants against pathogens and consequently produces a pathogen related proteins (PRPs). SA is also known to induce reactive oxygen species (ROS) production as a part of the defense system in plants. Numerous studies displayed the exogenous effects of SA on the elicitation of different classes of phenolic compounds \[[@CR15]--[@CR18]\]. Remarkably, chitosan (CS) is non-toxic, cost-effective and the second most abundant polycationic biopolymer that is well documented in the elicitation of in vitro production of high-valued secondary metabolites such as aromatic amino acids, phenylpropanoids, plumbagin, tannins, triterpenoids, xanthones, secoiridoids etc. \[[@CR19]--[@CR22]\].

It is well-known that only the optimal levels of elicitor and precursor concentration increases the in vitro production of desired secondary metabolites. In optimization of medium for metabolite production, Central Composite Design (CCD) and Box-Behnken design (BBD) are the most commonly used designs that obtain optimal response from statistical mathematical modeling of Response Surface Methodology (RSM) \[[@CR23], [@CR24]\]. Statistically, RSM uses symmetrical experimental designs, explores the effects of single or multiple response variables and optimize these variables to get the best possible response \[[@CR25]\]. On the other hand, Artificial Neural Network (ANN) is an information processing model based on the nonlinear weighted sum statistical data modeling tools. ANN is inspired by the way of biological neuron network that discovers a complex connection between the responses and predicted variables. In contrast to RSM, ANN is a more accurate method of interpolation, prediction, and validation \[[@CR26]\].

Amarogentin, swertiamarin, and mangiferin are considered as the three prime phytochemical markers of the genus *Swertia*. Therefore, it is of great interest to optimize the in vitro production of these compounds. Optimized micropropagation techniques have the potential to be beneficial to encounter the demand for medicinal plants used in pharmaceutical industries. Plant growth regulators have been reported for high-frequency regeneration and in vitro production of bioactive compounds \[[@CR27]\].

Present work has been devoted to the optimization of effects of SA and CS on in vitro production of amarogentin, swertiamarin, and mangiferin in *S. paniculata*. The optimization process was accomplished with full-factorial CCD using multivariate response surface analysis and was then compared with ANN model.

Results {#Sec2}
=======

Organogenesis {#Sec3}
-------------

In this study, the combinations of BAP (6-Benzylaminopurine), KN (Kinetin) and NAA (1-Naphthaleneacetic acid) were used for organogenesis. High rate of shoot regeneration and elongation was achieved with ½ MS media supplemented with 2.22 μM BAP, KN and 2.60 μM NAA after 6 weeks. Average length of shoot with different concentrations of shoot inducing medium (SIM) are presented in Table [1](#Tab1){ref-type="table"}. Table 1Average length of shoot with different concentrations of shoot inducing medium (SIM)Types of mediaPlant growth regulators (μM)Mean shoot length (cm)\
(After 4 weeks)Mean shoot length (cm)\
(After 6 weeks)½ MSControl0.000.00BAP + KN(2.22 + 2.22)1.2 ± 0.1^a^1.4 ± 0.2^a^(4.44 + 4.44)0.6 ± 0.2^a^0.7 ± 0.1^a^BAP + KN + NAA(2.22 + 2.22 + 2.60)3.2 ± 0.2^a^**5.8 ± 0.4**^**a**^(4.44 + 4.44 + 5.20)1.6 ± 0.1^a^2.7 ± 0.2^a^MSControl0.000.00BAP + KN(2.22 + 2.22)0.000.00(4.44 + 4.44)0.000.00BAP + KN + NAA(2.22 + 2.22 + 2.60)0.001.3 ± 0.1^a^(4.44 + 4.44 + 5.20)0.000.00All the values are represented in means± standard deviation (where *n* = 3)

### Experimental design and statistical optimization by RSM {#Sec4}

In present study, treatment of shoot cultures with optimal concentration of SA (below 10 mM) and CS (above 10 mg/L) increases the yield of amarogentin, swertiamarin and mangiferin as compared to the control sets of cultures (shoots which were not treated with elicitors). Maximum % yield of amarogentin (0.435%), swertiamarin (4.987%) and mangiferin (4.357%) was observed with cultures treated with 9 mM SA and 12 mg/L CS after 14 days that were 0.25, 3.0 and 2.2 times more as compared to controlled cultures, respectively.

For statistical optimization by RSM, Central composite design (CCD) was used to optimize the two variables (*α* = 1.41) and all factors were studied at five different levels (−*a*, − 1, 0, + 1, +*a*). With CCD, experimental values of amarogentin (I), swertiamarin (II), and mangiferin (III) in respect to the effects of SA and CS are summarized in Table [2](#Tab2){ref-type="table"}. Response surface regression and Analysis of variance (ANOVA) for % yield of (I), (II) and (III) compounds were calculated, and are summarized in Additional file [1](#MOESM1){ref-type="media"}: Table S1 and S2. Higher *Fisher* distribution (*F t*est) for (I) (1213.5), (II) (1818.51), and (III) (668.11) indicates the adequacy of the model. In this experimentation, *p\<* 0.001 was considered as very significant, but *p\<* 0.05 as significant values. In this model, Lack-of-Fit was not significant (*p\>* 0.05) as it represents lesser F-values for (I) (1.51), (II) (0.55), and (III) (0.82). Significant regression and non-significant Lack-of-Fit confirms the adequacy and well-fitness of mathematical modeling with experiment data \[[@CR25]\]. *R*^*2*^ values obtained from (I) (99.64%), (II) (99.82%) and (III) (99.51%) also revealed the good correlation between response values and independent variables. Predicted values obtained through this design were used to draw the contour plots of SA and CS versus yield % of amarogentin (Fig. [1](#Fig1){ref-type="fig"}), swertiamarin (Fig. [2](#Fig2){ref-type="fig"}), and mangiferin (Fig. [3](#Fig3){ref-type="fig"}) compounds. Table 2Experimental and predicted values for secoiridoid and xanthone glycoside yield (%) optimized with central composite design (CCD)Run orderTreatmentSecoiridoid Yield (%)Xanthone Yield (%)SA (mM)\
(A)CS (mg L^− 1^)\
(B)Amarogentin (I)Swertiamarin (II)Mangiferin (III)ExperimentalPredictedExperimentalPredictedExperimentalPredictedRSMANNRSMANNRSMANN13.0004.0000.1700.1730.1701.0201.0641.0202.6102.6402.610215.0004.0000.2470.2490.2502.8602.9052.8602.9102.9512.91033.00020.0000.2250.2300.2252.2352.2412.2353.5503.5333.550415.00020.0000.3500.3540.3504.4504.4574.4504.1104.1044.11050.51412.0000.1720.1670.1711.3201.2941.3203.0803.0753.080617.48512.0000.3120.3080.3114.1904.1634.1933.7203.6993.72079.0000.6860.2100.2080.2101.6951.6411.6952.5502.5042.55089.00023.3130.3300.3230.3303.5703.5703.5723.9303.9503.93299.00012.0000.4300.4280.4274.8604.8704.8304.2544.2884.253109.00012.0000.4350.4280.4274.8304.8704.8304.2374.2884.253119.00012.0000.4250.4280.4274.8754.8704.8674.3204.2884.283129.00012.0000.4300.4280.4274.9874.8704.9704.3574.2884.329139.00012.0000.4200.4280.4274.8004.8704.8674.2754.2884.253Fig. 1Contour plot for amarogentin (%) at different concentrations of salicylic acid and chitosan elicitorsFig. 2Contour plot for swertiamarin (%) at different concentrations of salicylic acid and chitosan elicitorsFig. 3Contour plot for mangiferin (%) at different concentrations of salicylic acid and chitosan elicitors

Different response variables with linear, quadratic and 2-way interaction models were computed according to the quadratic eq. ([1](#Equ1){ref-type=""}), mentioned above and all the variables were significant (Additional file [1](#MOESM1){ref-type="media"}: Table S1 and S2). Multiple regression equation based on the second order kinetics was calculated for the predicted response values (%) of amarogentin (Y~1~), swertiamarin (Y~2~), and mangiferin (Y~3~). $$\documentclass[12pt]{minimal}
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Where A and B represent salicylic acid and chitosan that were used as significant response variables to get the maximum yield of (I), (II), and (III) in cultured plants of *S. paniculata.* In the present experiment, amarogentin, swertiamarin, and mangiferin showed 0.170--0.435%, 1.020--4.987%, and 2.550--4.357% disparity respectively. Linear regression coefficient of both the independent variables (A and B) showed positive effect on the yield of (I), (II), and (III) (Additional file [1](#MOESM1){ref-type="media"}: Table S1). Linear coefficient values revealed that SA effects swertiamarin yield (1.01422) maximum followed by mangiferin yield (0.22064) but showed lesser impact on amarogentin content (0.05000). On the other hand, CS also impacted swertiamarin yield (0.68208) maximum followed by mangiferin yield (0.51145) with lesser impact on amarogentin content (0.04096). Out of the two independent variables (A and B), SA showed more impact on the swertiamarin and amarogentin yield but CS demonstrated comparatively high impact on mangiferin yield. As shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1 and S2, linear and quadratic effects of A and B variables were found to be very significant (*p\<* 0.001) for (I), (II), and (III) while interaction of both the variables (A and B) showed only significant effects (*p*\< 0.05).

As depicted in contour plots (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"}, and [4](#Fig4){ref-type="fig"}), optimal values obtained for SA and CS are 9 mM and 12 mg L^− 1^ respectively that yielded maximum amount of amarogentin (0.435%), swertiamarin (4.987%), and mangiferin (4.357%). Experimental values were very close to the predicted values (Table [2](#Tab2){ref-type="table"}), therefore this mathematical model was appropriately developed for the statistical optimization of the effects of SA and CS on the yield of secoiridoid (amarogentin and swertiamarin) and xanthone (mangiferin) glycosides. Fig. 4Comparative contour plot for amarogentin, swertiamarin and mangiferin (%) at different concentrations of salicylic acid and chitosan elicitors

### ANN modeling {#Sec5}

In the present study, ANN adopted back propagation algorithm during training phase and was developed into 3 layers: input layer (A and B), hidden layer and output layer (% yield of amarogentin, swertiamarin, and mangiferin). In ANN modeling, 13 runs of CCD matrix were divided into 3 subsets, with approximate 8:1:1 ratio to train, validate and test. Figure [5](#Fig5){ref-type="fig"} depicted the performance data obtained over entire training data and fitted at best epochs for validation data being represented. Similarly, gradient loss and training state achieved over entire ANN training is explained with the help of Fig. [5](#Fig5){ref-type="fig"}. Best validation performance for the optimization of amarogentin (I), swertiamarin (II), and mangiferin (III) was observed at epoch 0, 75, and 40, respectively. Fig. 5Performance data obtained (ANN) over entire training data and gradient loss for amarogentin (**a, b**); swertiamarin (**c, d**); mangiferin (**e, f**)

Moreover, RSM model was compared with the ANN model that represented the ANN model as more accurate method of interpolation, prediction, and validation. In contrast to the RSM, ANN model showed less deviation between the predicted and experimental values. Table [2](#Tab2){ref-type="table"} depicted the predicted values in response to the experimental values obtained for all the three studied bio-active compounds. In addition, comparison was drawn between two models on the basis of three significant statistical parameters, viz. Root mean square error (RMSE), Absolute average deviation (AAD) and regression coefficient (*r*^*2*^).

RMSE and AAD were calculated on the basis of Eqs. [4](#Equ4){ref-type=""} and [5](#Equ5){ref-type=""}. $$\documentclass[12pt]{minimal}
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Comparative overview of analytical parameters with RSM and ANN models are presented in Table [3](#Tab3){ref-type="table"}. In present study, ANN demonstrated best validation statistical parameters, thus can be used as an accurate method in the optimization approaches. Table 3Comparison of response surface methodology (RSM) and artificial neural network (ANN) modelsParametersAmarogentin (I)Swertiamarin (II)Mangiferin (III)RSMANNRSMANNRSMANNRoot mean square error (RMSE)0.0046240.0033510.0469710.021040.034640.014931Absolute average deviation (AAD)0.0894320.0891241.2963311.3000590.5720830.568817Regression coefficient (r^2^)99.8%99.9%99.9%100%99.7%100%

### Quantification of amarogentin, swertiamarin and mangiferin by HPTLC {#Sec6}

High-performance thin-layer chromatography (HPTLC) is now emerging as an efficient, simple, specific, precise, and accurate as well as powerful analytical technique by which enormous samples can be analyzed at once. In the past few years, HPTLC technique has been proved to be a powerful technique for chemo-profiling in several medicinal plants \[[@CR28], [@CR29]\]. In present study, mobile phase (S1) gives clear dense spots on TLC plate with R~f~ of 0.62 for swertiamarin (II) and 0.8 for amarogentin (I) (Fig. [6a](#Fig6){ref-type="fig"}). Mobile phase (S2) gives clear single spot on TLC plate with R~f~ of 0.48 for mangiferin (III) (Fig. [6b](#Fig6){ref-type="fig"}). Peaks for all standards consistent to well-defined R~f~ were superimposable in 3-D densitogram patterns of all the test samples, and reference compounds (I), (II), and (III). Absorption spectra of (I), (II), and (III) compounds were compared with test samples to check the peak purity (Fig. [6](#Fig6){ref-type="fig"}). In HPTLC fingerprinting; track 6 and 9 in Fig. [6a](#Fig6){ref-type="fig"} (secoiridoids), whereas track 4 and 8 in Fig. [6b](#Fig6){ref-type="fig"} (mangiferin), display samples treated with optimal level of SA and CS concentrations (depicted higher concentrations of amarogentin, swertiamarin and mangiferin compounds). All the studied metabolites were quantified by means of the peak area parameter. HPTLC methods were validated for precision, accuracy and repeatability according to the ICH guidelines \[[@CR30]\]. Fig. 6a. HPTLC fingerprints of secoiridoid glycosides (**a**): where 1--10 tracks represent tissue cultured plant samples (1 and 2 control plants; 3--6 salicylic acid treated cultured plant samples; 7--10 chitosan treated cultured plant samples) matched with standard compounds of swertiamarin (ii) and amarogentin (i) whereas (**b**) and (**c**) represent overlay spectra of plant samples with standard compounds- amarogentin (**b**) and swertiamarin (**c**). b. HPTLC fingerprints of xanthone glycoside (**a**): where 1--10 tracks represent tissue cultured plant samples (1 and 2 control plants; 3--6 salicylic acid treated cultured plant samples; 7--10 chitosan treated cultured plant samples) matched with standard compound of mangiferin (Std.) whereas (**b**) represents overlay spectra of plant samples with standard compound mangiferin (**b**)

Discussion {#Sec7}
==========

Effect of PGR on organogenesis {#Sec8}
------------------------------

In the present work, addition of auxin (NAA) with particular concentration of cytokinines (BAP or KN) in shoot inducing MS media resulted in healthy shoot formation.

In *Swertia*, BAP in combination with NAA and KN has been used most commonly for best organogenesis \[[@CR31]--[@CR33]\]. In many other medicinal plants, combination of cytokinines with auxins showed superior results for the shoot proliferation \[[@CR8], [@CR9]\]. The type and concentration of cytokinines and growth inducers affected the average number of shoots and mean length of shoots. In *Swertia* and other plants; most common plant growth regulator used in shoot elongation and multiplication is BAP in combination with various compositions of NAA and kinetin \[[@CR8], [@CR9], [@CR31], [@CR34]\].

In present research work, shoot cultures were used to check the effect of SA and CS on the production of secondary metabolites. In higher plants, secondary metabolites are often biosynthesized after the cell differentiation processes. As a result, organ cultures showed great prospective for the expression of active principles in plants. Likewise, in other genera of Gentianaceae family, Krstic et al. \[[@CR35]\] described the higher production of xanthones and secoiridoids in organ cultures. Boroduske et al. \[[@CR36]\] advocated shoot culture more suitable for secoiridoid production.

Elicitor treatment {#Sec9}
------------------

Exogenous treatment of lower concentration of SA elicits various significant secondary metabolites through upregulation of defense related gene expression \[[@CR15], [@CR18], [@CR37]\]. In this study, lower concentration of SA (\>5 mM) and CS (\>10 mg L^− 1^) resulted in low content of compounds (Table [2](#Tab2){ref-type="table"}, Fig. [6](#Fig6){ref-type="fig"}). Experimental design developed in the present study clearly showed that (9 mM) SA and (12 mg L^− 1^) CS yielded maximum content of amarogentin (0.435%), swertiamarin (4.987%), and mangiferin (4.357%) in shoot cultures of *S. paniculata*. However higher concentration of elicitors (A and B) treatment lowered the secoiridoid and xanthone contents (Table [2](#Tab2){ref-type="table"}). In our previous report, likewise result was found in the wild samples of *S. paniculata* collected from higher altitudes of Himachal Pradesh and Uttarakhand \[[@CR8]\].

It has been noted that unigenes are upregulated in aerial parts in comparison to the roots of *Swertia* for active metabolic synthesis of amarogentin, swertiamarin, and mangiferin \[[@CR38]\]. Secoiridoids follow MVA/MEP pathway whereas xanthone glycosides follow phenylpropanoid signaling pathway \[[@CR38]--[@CR40]\]. Tissues having maximum secondary metabolite content have high level of gene expressions that can be triggered by optimal levels of precursors or elicitors \[[@CR41]\]. Transcriptome studies revealed the elevated gene expressions involved in the metabolic pathways of secoiridoid and xanthone compounds. Research indicates that chitosan shows considerable increase of swertiamarin compound in *Centaurium erythraea* \[[@CR36]\], amarogentin compound in *Swertia chirata* \[[@CR12]\] and mangiferin compound in *Hypericum perforatum* cultured plants \[[@CR42]\]. Chitosan is well known to release various defense genes and also to induce production of secondary metabolites in order to inhibit the growth of microbes \[[@CR21], [@CR43]\]. Krstić-Milošević et al. \[[@CR44]\] studied the effect of salicylic acid and chitosan elicitors on the production of xanthones in hairy root clones of *Gentiana dinarica* Beck. and reported that highest concentrations of elicitors increases xanthone: aglycone norswertianin content, but simultaneously reduces the production of its glycoside: norswertianin-1-O-primeveroside. In another study, Tocci et al. \[[@CR45]\] evaluated the effect of chitosan elicitation on xanthone biosynthesis in calli and in cell suspension cultures of *H. perforatum* subsp. *Angustifolium* and showed an increase in xanthone production (Paxanthone, 1,3,5,6-tetrahydroxyxanthone, 1,3,6,7-tetrahydroxyxanthone and cadensin G) in elicited cell cultures.

Conclusion {#Sec10}
==========

This is the first study on the optimization of salicylic acid (SA) and chitosan (CS) for the production of amarogentin, swertiamarin and mangiferin in shoot cultures of *S. paniculata*. Central-composite design (CCD) of Response surface methodology (RSM) optimizes the linear, quadratic and interaction effects of SA and CS for maximum production of secoiridoid (amarogentin and swertiamarin) and xanthone (mangiferin) glycosides. RSM model was compared with the ANN model and ANN demonstrated more accurate method of interpolation and validation in contrast to RSM. To minimize the error and achieve faster convergence, ANN adopted back propagation algorithm during training phase for model training and convergence without any delay or loss. Shoot culture productivity can be enhanced by the optimal level of SA and CS treatment. These results endorse that advancement in tissue culture techniques could work for the production and enhancement of important secondary metabolites. Optimization of tissue culture system is the prerequisite for advancement of further biosynthetic potential of several cell / tissue culture types. In vitro propagation also provides the next platform for commercial plant cell lines and other biotechnological strategies. In future, chemical engineering and improvement in molecular techniques will provide the new dimensions to tissue culturing for increasing secondary metabolite production and use of bioreactors with optimized micropropagation techniques.

Methods {#Sec11}
=======

Chemicals and standard compounds {#Sec12}
--------------------------------

All chemicals and solvents used in present experimentation were of HPLC grade that have been purchased from E. Merck (Mumbai, India). All standards of amarogentin (1) (Catalogue No. CFN 90519; 98% purity) and swertiamarin (2) (Catalogue No. CFN 99818; 98% purity) were procured from Chromadex, India, and mangiferin (3) (Catalogue No. M3547-100MG;\> 98% purity) was purchased from Sigma Aldrich. Modified Murashige and Skoog (MS) \[[@CR46]\] medium supplemented with CaCl~2~ (332.2 mg/L)~,~ vitamins (Nitsch vitamin mixture), sucrose and agar, phytohormones, sterilizers, salicylic acid and chitosan (low molecular weight chitosan-derived from chitin shrimp with ≥75% deacetylation degree) were obtained from HiMedia™ (Mumbai, India).

Plant material and micropropagation {#Sec13}
-----------------------------------

Matured plants of *S. paniculata* were collected in fruiting stage from high altitude medicinal and aromatic plants nursery situated at Chakrata-Deoban region, Uttarakhand (30.798624° N, 77.780368° E; altitude 2600 m) during the month of November, 2017. The plant was authenticated on the basis of morphological characters by Prof. R. C Gupta, taxonomist expert. The Voucher specimens (No. 11112017) were prepared and deposited in the Department of Botany, Lovely Professional University, Phagwara, Punjab, India. The capsules were separated from the plants and seeds were separated, washed properly with distilled water to remove all the contaminants carried from the field. Seeds were stored in airtight container at 4 °C. One day before inoculation, seeds were soaked in 100 ppm GA~3~ (Gibberellic acid) overnight at 4 °C. For sterilization, seeds were dipped in 5% bavistin solution for 20 min; surface sterilized with 70% ethanol for 30 s and treated with 0.1% HgCl~2~ solution for 5 min with constant shaking, followed by 5 times washing with distilled water to remove the traces of the sterilizers. MS media were sterilized appropriately at the pressure of 15 psi and 121 °C temperature for 15 min.

For the germination of seedlings, seeds were inoculated with ½ MS medium having 3% (w/v) sucrose, vitamins, CaCl~2~ and 0.7% agar. After 6 weeks, small plantlets were transferred to the shoot inducing medium (SIM) with different combinations of BAP and KN (2.22 and 4.44 mM each) and NAA (2.60 and 5.20 mM) (Table [1](#Tab1){ref-type="table"}). Mean shoot length developed with different combinations of auxins and cytokinines was estimated after 4 and 6 weeks. Healthy shoots (5--6 cm long) were developed within 6 weeks of culture period. After 6 weeks, multiplied shoots were taken out aseptically. Isolated shoots were treated with different concentrations of salicylic acid (1, 5, 10 and 20 mM) and chitosan (1, 5, 10 and 20 mg L^− 1^) mixed into ½ MS media for 2 weeks. All the experimental sets were conducted in flasks which were executed at the same time period to eliminate the culture conditions and environmental variations. Two control experimental sets (without elicitor treatment) were retained. All the experimentations were completed in triplicates. After 14 days, treated and untreated shoots were thoroughly washed with distilled water.

The pH of all the cultures was maintained at 5.8 using 1 M NaOH and 1 N HCl. All cultures and treatments were accomplished in 50--80% relative humidity, 25 ± 2 °C temperature and 16 h photoperiod (cool, white fluorescent light).

Statistical optimization and experimental design by response surface methodology (RSM) {#Sec14}
--------------------------------------------------------------------------------------

RSM was applied to check the effects of independent variables and their interaction on the % content of amarogentin, swertiamarin, and mangiferin. Two independent variables used in the experiment were salicylic acid (SA) (1--20 mM) and chitosan (CS) (1--20 mg L^− 1^). SA and CS concentrations were selected on the basis of preliminary studies. In RSM, central composite design (CCD) was applied at five different levels (−*a*, − 1, 0, + 1, +*a*) to obtain the individual and pairwise effects for elicitor treatment. *a* value is calculated by equation: 2^*(k-p)*/4^; k = no. of factors and p denotes replicate no. at central point. Total 13 experiments were conducted to test the five levels of SA and CS with full-factorial CCD. By using coded units, experimental and predicted values for the production of amarogentin, swertiamarin, and mangiferin in terms of the different variables of SA and CS are presented in Table [2](#Tab2){ref-type="table"}.

Second order model (quadratic) equation was used to calculate the experimental response for secoiridoid and xanthone content as mentioned below: $$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \mathrm{Y}={\upbeta}_0+{\upbeta}_1\mathrm{A}+{\upbeta}_2\mathrm{B}+{\upbeta}_{11}{\mathrm{A}}^2+{\upbeta}_{22}{\mathrm{B}}^2+{\upbeta}_{12}\mathrm{AB} $$\end{document}$$

Where Y is the predicted response; A and B denote the level of variables; β~0~ is the scaling constant; β~1~ and β~2~ are linear coefficients; β~11~ and β~22~ are quadratic coefficients, and β~12~ depicts interaction coefficient. Response surface regression coefficient and Analysis of Variance (ANOVA) predicted the effects of independent variables on in vitro production % of amarogentin, swertiamarin, and mangiferin from *S. paniculata*.

Artificial neural network (ANN) modeling {#Sec15}
----------------------------------------

The functionality of ANN is to transform the given input vectors supplied to model into feature map or output with the help of specific rules. In the proposed approach, single layer, perceptron model was adopted which comprised of hidden neurons for generation of an approximate multilayer model. The predicted output computation is expressed with the help of Eq. ([7](#Equ7){ref-type=""}) as: $$\documentclass[12pt]{minimal}
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                \usepackage{wasysym} 
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                \begin{document}$$ Y=f\left({A}_z\right)=\sum \limits_{p=1}^m{w}_{zp}\ast {x}_p+{\theta}_z $$\end{document}$$

Here, *Y* represents the ouput obtained from output layer, *f*(*A*~*z*~) denoted the activation functions which is responsible for non-linear nature of model associated with neuron z. *w*~*zp*~ represents weight connection between neuron z and p. *θ*~*z*~ denotes the input bias and *x*~*p*~ illustrated the inputs given to neuron *p*.

To minimize the error and to achieve faster convergence, ANN adopted back propagation algorithm during training phase for model training and convergence without any delay or loss. Due to consideration of appropriate neuron size, the obtained results are sound and accurate without any compromises.

The multilayer perceptron model consists of two inputs (salicyclic acid and chitosan), one hidden and output layer for prediction (Fig. [7](#Fig7){ref-type="fig"}). The output layer will be different for three distinguished outputs as amarogentin, swertiamarin, and mangiferin as shown in Table [2](#Tab2){ref-type="table"}. For training and validation analysis, Log Sigmoidal function is used as an activation unit for non- linear output prediction. For synaptic weight adjustment and analysis training data is trained with help of Marquardt algorithm and validation is supported and performed with the help of 5 fold cross validation strategy. Fig. 7ANN Architecture

Sample preparation {#Sec16}
------------------

In vitro grown material of *S. paniculata* was thoroughly washed with tap water to remove the growth hormone traces and was then dried completely in the shade at room temperature. Well dried in vitro samples were finely powdered in a mixer grinder separately (Champ Essentials, Morphy Richards, India). One gram powdered samples was extracted separately using microwave assisted extraction (MAE) with 50% aqueous ethanol solvent (2× 20 mL) \[[@CR4]\]. All the extracts were filtered separately through Whatman no: 1 filter paper, centrifuged at 6000 rpm (at 4 °C for 5 min.) and then evaporated to dryness with a Rota-evaporator. Dried extracts were dissolved in methanol solvent to make the final volume (mg mL^− 1^) and then tubes containing extracts were stored in refrigerator at 4 °C for further phytochemical analysis.

Preparation of Standard Solution: Stock solutions of amarogentin, swertiamarin compounds (10 mg each) were dissolved in 10 mL methanol (mg ml^− 1^) and 5 mg mangiferin standard was dissolved in 50 ml methanol (0.1 mg ml^− 1^).

Quantitative determination of marker compounds by HPTLC {#Sec17}
-------------------------------------------------------

The HPTLC system was CAMAG (Muttenz, Switzerland) having Linomat-5 automatic sample applicator and CAMAG TLC scanner-3 provided with CATS software (version: 1.4.4.6337) furnished with a 100 μL Hamilton syringe (with fixed 100 nl/s delivery rate). Chromatography was performed on stationary phase composed of 20 cm × 10 cm pre-coated silica gel 60 F~254~ HPTLC plates (with 0.25 mm thickness). Samples were administered to the plates as 5 mm wide bands with Hamilton syringe. 3 μL plant samples were loaded on chromatographic plate.

Separation was carried out on thin-layer chromatography aluminium plate pre-coated with silica gel 60 F~254,~ eluted with ethyl acetate: methanol: water (77:15:8 v/v/v) mobile phase (S1) for the quantification of amarogentin \[I\] and swertiamarin \[II\] compounds \[[@CR47]\] whereas with ethyl acetate: glacial acetic acid: formic acid: water (100:11.0:11.0:26 v/v) mobile phase (S2) for the quantification of mangiferin \[III\] compound \[[@CR48]\]. After development up to 75 mm in twin-trough glass tank (CAMAG), plates were dried with hot air dryer and clear bands (without any post-chromatographic derivatization) were visualized under UV (UV cabinet with dual wavelength UV lamp) at λ = 254 nm. Immediately plates were scanned at 254 nm reflectance wavelength with CAMAG TLC Scanner. Densitometric scanning conditions were set at 4.00 × 0.30 mm slit dimension with 20 mm/s scanning speed and 100 μm/step data resolution. The R~f~ value of (I), (II) and (III) in mobile systems with reference standards and *Swertia* crude samples were resolved and separated at 254 nm. All the HPTLC experimentation was conducted at 25 (±2 °C) temperatures with 40% relative humidity.

Linearity range of the stock solution of each marker compound (amarogentin, swertiamarin and mangiferin) was calibrated with the application of 2, 4, 6, 8, 10, 12 μL amount range applied on HPTLC plate. Calibration curve was generated with peak area versus relevant concentration. Regression equation and corresponding peak area was used to calculate the yield of all the three reference compounds in all tested plant samples.

Statistical analysis {#Sec18}
--------------------

MINITAB 18.0 software program (Minitab Inc., State College, PA, USA); MATLAB software and Microsoft Excel 2010 (Ver. 14.0.7228.5000) were used in statistical optimization and analysis.
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**Additional file 1: Table S1.** Response Surface Regression: % amarogentin (I), swertiamarin (II) and mangiferin (III) versus salicylic acid (SA), chitosan (CS). **Table S2.** Analysis of Variance for % of amarogentin (I), swertiamarin (II) and mangiferin (III) compounds.

HPTLC

:   High performance thin layer chromatography;

SA

:   Salicylic acid

CS

:   Chitosan

ANN

:   Artificial neural network

RSM

:   Response surface methodology

CCD

:   Central composite design

BAP

:   6-Benzylaminopurine

KN

:   Kinetin

NAA

:   1-Naphthaleneacetic acid
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